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A B S T R A C T

Two polymers were prepared from diglycidyl ether of bisphenol A (DGEBA) and triglycidyl p-aminophenol 
(TGAP) epoxy resins, using the same hardener diethylenetriamine (DETA). The obtained polymers were 
compared in terms of structural, optical, mechanical, thermal and dielectric properties. Dielectric spectroscopy 
and dynamic mechanical analysis indicated the presence of dipolar dielectric relaxations in both polymers, and 
interfacial one only for TGAP/DETA, which is consistent with XRD findings. Different approaches were 
considered to fit electrical modulus and conductivity and to estimate the relaxation times and activation energies 
according to temperature. For optical measures, a novel result processing approach is proposed for an accurate 
determination of the polymers bandgap and for highlighting the existence of additional energy transition level 
for TGAP. Results indicate that this polymer could be a potential candidate for use as a protective film and as UV/ 
blue-light filter for screens and windows.   

1. Introduction

Epoxy resins are an important class of versatile thermosetting sys
tems, classified as high-performance materials, thanks to their high 
strength, low creep, low cure shrinkage, excellent resistance to corro
sion, good adhesion to many substrates, an appropriate mechanical, 
thermal and opto-electrical characteristics [1]. Epoxy-based polymers 
are used in a wide variety of applications such as adhesives, 
high-performance composites, coatings, electronic encapsulation, elec
trical components and aerospace [2–7]. The main advantage of epoxy 
resins is the possibility of crosslinking with the reactive functional 
groups of the polyamine hardener without releasing volatile products. 
The number of epoxy and amine reactive groups are the key elements 
that drive the properties of epoxy polymers. A judicious choice of an 
epoxy monomer and the further curing agent permits thus to obtain 
highly crosslinked epoxy thermosets with outstanding physico-chemical 
properties [8–11]. Other parameters like the preparation conditions, the 
duration and the temperature of curing are of prime importance in the 

network structure of a given epoxy based polymer [12–15]. Several 
studies were devoted to the comparison of optical, thermic, and me
chanical properties of epoxy polymers. Some of them reported the use of 
the same hardener and different epoxy resins, while other ones have 
used the same epoxy resin and investigated several hardeners [16–29]. 

The objective of this study is to investigate the effect of the number of 
epoxy functional groups on the structural, optical, dynamic mechanical, 
thermal and dielectric behaviors of epoxy based polymers. We have thus 
chosen to investigate a bifunctional, diglycidyl ether of bisphenol A 
(DGEBA), and a trifunctional, triglycidyl p-Aminophenol (TGAP) poly
epoxyde resins, and we have cured them with the same hardner: 
diethylenetriamine (DETA). Compared to other studies devoted to the 
comparison of the physico-chemical properties of DGEBA/DETA and 
TGAP/DETA polymers, here we focused on neat polymers without 
additional fillers (clays, carbon nanotubes, silicates, graphite …. ). 

The optical properties of the polymers were determined from 
transmittance and absorbance spectra, mainly in terms of optical 
bandgap (Eg), usually estimated from the empiric Tauc equation (eq. 
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(1)) [30]. 

αhυ=A
(
hυ − Eg

)n (1)  

Where A is a constant, hν is the incident photon energy, α is the optical 
absorption coefficient determined from absorbance data and n is an 
exponent characteristic of the optical transition. The factor n is close to 
1/2 for the direct allowed transition, and to 2 for the indirect one. The 
optical bandgap energy can thus be estimated from the linear part of 
(αhν)2 variation versus photon energy (hν) for the direct transition and 
from that of (αhν)0.5 for the indirect one. The classical use of this model, 
which is very useful for the experimental determination of the Eg value, 
remains nevertheless “relatively limited” regarding the rational 
distinction of the nature of the transition, direct or indirect. Knowing the 
type of the transition is in fact of prime importance, as it greatly con
ditions the optoelectronic properties of a given material, and therefore 
its possible applications. Some publications reported the estimated 
values of the two gaps via the Kubelka-Munk function and determined 
the nature of transition only by calculation [31,32]. Other works have 
rightly underlined this difficulty of defining the transition type and 
made proposals to remove this ambiguity by using the R-squared value 
to estimate the goodness of the fit of Tauc plots [33]. Others proposed an 
algorithm for automated Tauc-plot analysis [34], or a modified 
Tauc-Lorentz dispersion model [35]. 

In this work, we propose a novel approach of results processing, 
based on the logarithmic derivative of Tauc’s law which would permit to 
estimate more accurately the Eg value and to better account for the 
nature of the transition in DGEBA/DETA and TGAP/DETA polymers. 

The relaxation temperatures of these cured systems were estimated 
using two complementary techniques: dynamic mechanical thermal 
analysis and impedance spectrometry. The further relaxation times and 
activation energies were estimated and compared. 

Polymers structural and chemical identifications were probed by X- 
ray diffractometry and Fourier-Transform Infrared spectrometry. 

The aim of all these measurements was to show that increasing the 
number of epoxy functions in a given prepolymer, leads to a consider
able change in all the properties of the considered polymer, thus 
enlarging the field of application of this type of material. 

2. Experimental

2.1. Materials and preparation

Diglycidyl ether of bisphenol-A epoxy (DGEBA), triglycidyl p-Ami
nophenol (TGAP), and diethylenetriamine (DETA) were purchased from 
Sigma Aldrich. Their chemical structures are shown in Fig. 1. 

The polymers were prepared as follows: each epoxy resin was first 
sonicated through uring 1 h, to minimize the presence of air bubbles 
prior to the addition of DETA hardener, in a molar ratio 1/1. The 
preparation was then thoroughly stirred at 600 rpm during 2 min for 
DGEBA/DETA and during 10 min for TGAP/DETA, then placed in an 
ultrasonic bath for 10 min, to homogenize the mixture and to remove air 

bubbles, and then put in 4 cm diameter silicone molds. 
DGEBA/DETA blends were cured at 60 ◦C during 2 h, then at 120 ◦C 

for 2 h, and finally post-cured at 140 ◦C for 1 h. TGAP/DETA blends were 
first cured during 1 h at 60 ◦C, then 1 h at 100 ◦C, 2 h at 150 ◦C, and 
finally post-cured 1 h at 170 ◦C. All the temperatures and durations were 
optimized to obtain reproducible and well crosslinked disc-shaped 
samples with a thickness of about 1.5 mm (results not shown here). 

2.2. Characterization techniques 

Differential scanning calorimetry (DSC) measurements were per
formed with a Pyris PerkinElmer thermal analyzer. An empty aluminum 
pan was used as the reference, and the instrument was calibrated with 
indium. Each sample was placed in the DSC chamber, pre-set at 30 ◦C, 
and then heated till 190 ◦C with a linear heating rate of 10 ◦C/min. 

Fourier transform infra-red (FTIR) analysis were carried out with a 
PerkinElmer spectrometer. 

The spectra were recorded in the transmission mode in the range 
from 650 to 4000 cm− 1 with a resolution of 2 cm− 1. A background 
spectrum was recorded before each measurement, and the further 
“background corrections” were systematically operated. 

An X-ray diffractometer (XRD) (D8-Advance Bruker), working in 
Bragg-Brentano geometry with CuKα radiation (λ = 1.54056 Å), was 
used for polymers structural characterization. 

The absorbance and the transmittance of the polymers were analyzed 
using a Lambda 750S UV–VIS–NIR spectrophotometer (PerkinElmer) in 
the wavelength range of 200–860 nm. 

Thermal stability analyses were carried out with a TGA 4000 ther
mogravimetric analyzer (PerkinElmer). The measurements were per
formed at a heating rate of 2 ◦C/min from room temperature to 600 ◦C. 

Thermo-mechanical measurements were carried out with a Tritec 
2000 dynamic mechanical temperature analyzer at a frequency of 1 Hz 
and a displacement of 0.05 mm. DGEBA/DETA and TGAP/DETA poly
mers were heated from 30 to 200 ◦C at a heating rate of 2 ◦C/min. 
Measurements were done in the 3 points bending configuration. The 
glass transition temperature of each polymer was estimated from the 
peak value in the tan δ plot. 

Dielectric measurements were performed using a Solartron analyt
ical impedance spectrometer, at the frequency interval of 0.1–1 MHz 
and a temperature range from − 100 to 200 ◦C. 

Notice that the time between the realization of the samples and their 
analysis did not exceed one week for XRD, UV–Vis, DSC, DMTA and 

Fig. 1. Chemical structures of (a) diglycidyl ether of bisphenol A (DGEBA), (b) 
Triglycidyl p-Aminophenol (TGAP) and (c) diethylenetriamine (DETA). 

Fig. 2. FTIR spectra of the DETA hardener, DGEBA and TGAP resins, and the 
DGBA/DETA and TGAP/DETA polymers. 



dielectric spectroscopy measurements. Whereas, for Thermogravimetric 
analysis and FTIR spectroscopy, the storage time was 6 months for TGAP 
and 3 months for DGEBA. During these storage periods, the samples 
were stored in individual plastic bags with a zipper closure, all of which 
were placed in a closed tinted glass bottle. Under these storage condi
tions, the samples are relatively protected from UV light, and a limited 
effect of air and moisture can be expected. 

3. Results and discussion

3.1. Structural characterization

3.1.1. Fourier transform infra-red spectroscopy
FTIR spectra of the DETA hardener, DGEBA and TGAP resins, and 

further DGEBA/DETA and TGAP/DETA polymers are presented in 
Fig. 2. 

DGEBA and TGAP bands were assigned in Table 1, according to 
literature [23,36–41]. 

Compared to DGEBA and TGAP spectra, those of DGEBA/DETA and 

TGAP/DETA polymers exhibit two new bands: i) broad absorption bands 
around 3355 cm− 1 (for DGEBA/DETA) and 3330 cm− 1 (for TGAP/ 
DETA) which can be assigned to the stretching vibration modes of OH 
and NH groups, and ii) bands at 1130 cm− 1 which can be attributed to 
the υ(C–N) stretching vibration. 

FTIR spectra highlight also the disappearance of the two character
istic bands of the oxirane ring epoxy rings: i) that of C–O deformation of 
the oxirane group (centered at 915 cm− 1 in DGEBA and at 912 cm− 1 in 
TGAP) and ii) the weak peak (centered at 3050 cm− 1) attributed to C–H 
tension of the methylene group of the epoxy ring. This result confirms 
that the crosslinking process has taken place. 

3.1.2. DSC characterization 
DSC thermograms of DGEBA/DETA and TGAP/DETA are plotted in 

Fig. 3. Here, we have chosen to present only the first and second heating 
cycles. Fig. 3 shows that the thermal behavior of the two polymers is not 
the same. Indeed, in the case of DGEBA, we observe a first cycle with two 
peaks, which would indicate that the polymerization is probably not 
finished. The second cycle allows to “erase this “memory”, and we find 
the classical thermogram of a DGEBA/amine. In the case of TGAP/ 
EDTA, the thermograms of the two cycles are almost comparable, which 
would indicate that the polymeric network was formed rather quickly, 
due to the greater number of epoxy groups. 

3.1.3. X-ray diffraction 
X-ray diffraction (XRD) measurements were carried out to highlight

Wavenumber 
(cm− 1) 

Functional groups 

DGEBA 3050 C–H tension of the methylene group of the epoxy 
ring 

2967 StretchingC-H of CH2 
2927 Stretching C–H of aromatic and aliphatic 
2873 CH stretching vibrations 
1607 Stretching C––C of aromatic rings 
1508 Symmetric vibration C––C, aromatic 
1457 Symmetric vibration C––C, aromatic 
1183 C–O aromatic ring stretching 
1034 Stretching C–O–C of ethers 
914 Stretching C–O of oxirane group 
828 Stretching C–O–C of oxirane group 
3050 C–H tension of the methylene group of the epoxy 

ring 
2927–3000 NH2 (primary amine) 
1513 Aromatic ring 
1227 OH (hydroxyl, ether) 

TGAP 1038 Stretching C–O–C of ethers 
912 Stretching C–O of oxirane group 
813 Stretching C–O–C of oxirane group 
3364 N–H stretching vibration 
2930 Asym. C–H stretch stretching vibration 
2810 Symmetric CH2 stretching vibration 
1601 NH deformation vibration 

DETA 1462 CH deformation 
1130 C–N stretching vibration  

Fig. 3. DSC thermograms of DGEBA/DETA and TGAP/DETA. Only the heating cycles are presented.  

Fig. 4. XRD diffractograms of the DGEBA/DETA and TGAP/DETA polymers.  

Table 1 
Characteristic bands of DGEBA and HDGEBA in the mid IR.   



the role of the number of epoxy functions on the structural properties of 
DGEBA/DETA and TGAP/DETA polymers. The obtained XRD patterns 
(Fig. 4) showed a broad peak observed around 2θ = 20◦ for both poly
mers, indicating their amorphous nature. 

The XRD diffractogram of TGAP sample reveals, however, the exis
tence of some narrow peaks that overlap the scattered reflection. These 
peaks indicate the existence of oriented microdomains in the amorphous 
polymeric matrix. The doubling of some peaks seems indicate a “twin” 
structure, but the scattering preponderant effect makes the measure
ments relatively noisy. Nevertheless, we have estimated the mean 
periodicity of these structures at (0.59 ± 0.02) nm. These nano- 
structures are probably due to the molecular chains stacking as 
already observed in our previous work [28]. As this difference between 
the two polymers’ structures may lead to disparities in their properties, 
we have investigated several other characterization methods. 

3.2. Optical properties 

Fig. 5 illustrates the optical responses of both polymers. The trans
mittance spectra, presented in Fig. 5a, show that the main difference 
between the realized polymers is related to the wavelength cut-off, of 
about 300 nm for DGEBA/DETA and of order of 360 nm for TGAP/ 
DETA. Beyond 500 nm, the transmittance is relatively comparable for 
both polymers, which exhibit a transparency higher than 80%. 

The absorbance spectra presented in Fig. 5b reveal high absorption 
level in the UV region. Some absorption peaks are observed in the region 
242–262 nm and around 323 nm for TGAP/DETA, and around 252 and 
297 nm for DGEBA/DETA. These peaks are mainly due to n-π* and π-π* 

electronic transitions [42–46]. 
In fact, yellowing has often been observed on epoxy-based polymers. 

Some authors have assigned this phenomenon to a combination of 
causes, the most important of which is the thermo-oxidative formation 
of carbonyls during curing [47]. In our case, even if an oxidation may 
exist for the TGAP samples, it is not preponderant. The presence of parts 
relatively structured into the amorphous matrix, is the main cause of the 
observed shift on transmittance/absorbance spectra. These very local
ized structures can result from molecular chains stacking, which gave 
rise to the diffraction spectrum superimposed on a diffuse background 
(XRD measurements), and to singularities in absorbance spectrum due to 
electronic transitions, that are more resolved in TGAP than DGEBA. This 
should be confirmed by dielectric spectroscopy measurements with a 
possible presence of interfacial relaxation, only for TGAP. 

At this stage, the main difference between the two polymers concerns 
the UV-blocking character. Indeed, at 380 nm (the U–V/violet limit) the 
TGAP/DETA transmittance is of 12%, while it is about 54% for the 
DGEBA/DETA. At 430 nm (violet-indigo limit), the transmittance drops 
by only 16% for DGEBA/DETA compared to its value at 600 nm, while it 
is almost halved (46%) for TGAP/DETA. Due to its interesting trans
mittance properties, TGAP/DETA could be used in several applications, 
such as UV and blue radiations filter. 

These measures can also permit to determine the optical bandgap 
energy Eg of the two considered polymers from the Tauc equation (eq. 
(1)). 

In our case, we plotted, for both polymers, (αhν)2 and (αhν)0.5 vari
ations versus photon energy (hν) to choose only the one which presents a 
region that can be linearly fitted with the lowest associated 

Fig. 5. Transmittance (a) and Absorbance (b) spectra of the DGEBA/DETA and TGAP/DETA polymers.  

Fig. 6. Tauc’s plots for direct and indirect bandgap, for (a) DGEBA/DETA and (b) TGAP/DETA. The inset shows a slope change between two linear parts for 
TGAP/DETA. 



uncertainties. The corresponding spectra are reported on Fig. 6. 
Fig. 5a shows that although the two plots for DGEBA/DETA polymer 

present linear regions, the direct allowed transition seems to be more 
appropriate. The choice is however less obvious for the TGAP/DETA 
polymer, as we observe two quasi-linear zones for each representation. 

This peculiarity appears to tilt the choice towards an indirect tran
sition. Moreover, in the hypothesis of a direct transition, the extrapo
lation of the linear zone located at high energies intercepts the x-axis at a 
lower value (3,28 eV) than that obtained by extrapolation of the linear 
zone (3,32 eV) at low energies. 

The difficulty of discriminating the transition type (direct/indirect) 
could be attributed to a relatively small shift, between the position of the 
maximum of the valence band and that of the minimum of the 

conduction band, in the wave-vector space. 
To confirm the hypothesis of indirect transition, let us recall that the 

Tauc’s relation (eq. (1)) takes into account only the band-to-band ab
sorption, and that the range where its validity is assumed, is too small to 
be sure of the exact value of the exponent n [30]. We have therefore 
chosen to operate mathematical treatments for the Tauc equation, by 
first transforming it in a logarithm form (eq. (2)) and then by differen
tiating the obtained result (eq. (3)). Notice that it is possible to apply the 
logarithm to eq. (1) since its both members have positive and not zero 
values. 

Ln(αhυ)= Ln(A)+ n × Ln
(
hυ − Eg

)
(2) 

Fig. 7. Derivatives of Ln (αhν) versus (hν) for (a) DGEBA/DETA and (b) TGAP/DETA and the further corresponding fits for energies superior to Eg values. The inset 
shows the second peak. 

Fig. 8. Dynamic mechanical analysis for DGEBA/DETA and TGAP/DETA polymers: (a) storage modulus variations versus temperature. (b) and (c) Tan(δ) variations 
versus temperature and the further deconvolution for DGEBA/DETA and TGAP/DETA, respectively. 



Then,

d(Ln(αhυ))
d (hυ) =

n
hυ − Eg

(3) 

The advantage of the derivative, in this case, is to highlight the 
singularities while allowing a more accurate estimation of the gap, since 
the derivative will reach its maximum value for photon energy close to 
Eg. Accordingly, we plotted the variation of Ln (αhν) versus (hν) for both 
polymers (figures not shown here), then we numerically differentiated 
the obtained plots. The corresponding graphs are presented in Fig. 7. 

As expected, the derivative function (Fig. 7a) presented an extremum 
around 4.098 eV, ascribed to Eg value for DGEBA/DETA polymer. 
Considering only energies higher than Eg, the curve can be perfectly 
fitted by a power law of: a

hυ− b 
The fit parameters were a = 0.082 ± 0.013 and b = (4.102 ± 0.002) 

eV. The value of a is far from that of 0.5 expected for direct transition, 
whereas b is the same (within uncertainties) as Eg value. 

For TGAP/DETA polymer, the derivative function (Fig. 7b) presents 
two close peaks: a maximum around 3.365 eV and a local extremum at 
about 3.488 eV. The presence of two peaks, and not only one as in the 
case of DGEBA/DETA, confirms the hypothesis of an indirect transition. 
Indeed, this one takes place only when supported by phonons [47], 
which leads to a slight change in eq. (1): 

αhυ=A
[
hυ −

(
Eg ± Ep

)]n for hυ >
(
Eg ±Ep

)
(4)  

where Ep is the energy of the absorbed or emitted phonon; (Eg - Ep) in 
case of absorption and (Eg + Ep) in case of emission. 

Thus, we can ascribe the energies of 3.365 eV and 3.488 eV to (Eg – 
Ep) and (Eg + Ep) respectively. This means that the indirect optical 
bandgap is of 3427 eV and the phonon energy is of order of 61.5 meV. By 
using the same power law, as for DGEBA/DETA, the two characteristic 
regions can be fitted separately. The adjustment parameters were a =
0.262 ± 0.011 and b = (3.343 ± 0.001) eV for the first peak, and a =
0.167 ± 0.012 and b = (3.413 ± 0.006) eV. The values of b extracted 
from the fit are the same as those determined from extrema, with un
certainties of less than 1% and 2% for the first and the second extrema, 
respectively. As for the value of a, here again it is far from that of 2 
expected for indirect transition. Nevertheless, considering the ratios of 
the exponents, i.e., 2/0.5 and 0.262/0.083, the relative deviation does 
not exceed 20%, which is acceptable, pondering the different causes of 
error and the different phenomena contributing to absorption that are 
not considered in the approach using the Tauc’s relationship. Of course, 
this pathway should be verified on other materials in future studies to 
validate it and to elucidate the causes behind the observed discrepancy. 

The other advantage of the derivative approach is that of high
lighting certain singularities which are difficult or even impossible to 
observe in the original spectra at energies lower than the optical 
bandgap. In the present case, the peaks observed at 2.59 eV (479 nm) 
and 2.93 eV (423 nm) indicate that localized optical transitions can take 
place, as for semiconductors for which localized disorder may introduce 
energy levels in the bandgap. The existence of nanostructures within the 
amorphous matrix of TGAP/DETA, as revealed by XRD measurements, is 
probably at the origin of absorption in the violet-bleu region (380–490 
nm). This property resulted in slightly yellowish coloring of the polymer 
samples. 

The observed differences between the two studied polymers should 
be emphasized by dielectric investigations, in terms of conductivity and/ 
or relaxations. 

3.3. Dynamic mechanical thermal analysis 

Dynamic Mechanical Thermal Analysis (DMTA) was investigated to 
follow up the viscoelastic properties of the synthesized polymers. The 
variations of storage modulus versus the heating temperatures are 
illustrated in Fig. 8a. It can be noticed that the storage modulus of the 

TGAP/DETA polymer is three times superior to that of DGEBA/DETA 
polymer. This may be due to the higher crosslinking degree of TGAP/ 
DETA polymer, as TGAP possesses 3 epoxy functional groups, while 
DGEBA has only 2. The network density is therefore higher for TGAP 
than for DGEBA. This allows a greater degree of stress transfer and 
consequently leads to an improvement in rigidity [40]. 

A further temperatures’ increase beyond the glass transition region 
induces a sharp decrease in the value of the storage modulus, which is 
attributed to an increase in the mobility of both polymers’ chains. 

Fig. 8b and c presents the dissipation factor as a function of tem
perature for both polymers. The large and asymmetric shape of the tan 
(δ) peaks suggests the presence of more than one relaxation for DGEBA/ 
DETA and TGAP/DETA. Moreover, the appearance, at lower tempera
tures, of another peak in the TGAP/DETA suggests the presence of a 
third relaxation for this polymer. 

The deconvolution of the tan(δ) curves with gaussian functions 
permitted to obtain individual relaxation peaks, and thus to estimate the 
relaxation temperatures. The corresponding values are gathered in 
Table 2. 

The deconvolution of the tan(δ) curves, in the glass transition zone, 
was made in two peaks for both polymers [42,43]. The first one, Tα1, is 
attributed to the transition of the long chains between the crosslinking 
nodes. Tα1 values were of order of 109.5 ◦C and 129 ◦C for DGEBA/DETA 
and TGAP/DETA, respectively. The second peaks, Tα2, can be assigned to 
the motion of the short chains in the most rigid phase [41]. Tα2 values 
were of order of 128.8 ◦C and 151.3 ◦C for DGEBA/DETA and TGAP/
DETA, respectively. The fact that Tα1 and Tα2 values of TGAP/DETA are 
higher than those of DGEBA/DETA confirms that the former has a higher 
network connectivity than the latter. The third relaxation peak, around 
73.6 ◦C, present in the TGAP/DETA DMTA spectra (Fig. 8c) can be 
attributed to the β relaxation, which was not observable for the DGE
BA/DETA polymer. 

Table 2 
Relaxation temperatures estimated from the deconvolution of tan(δ) curves with 
gaussian functions.  

Polymer Relaxation Temperature (◦C) 

DGEBA/DETA α1 109.5 
α2 129 

TGAP/DETA β 73.6 
α1 128.8 
α2 151.3  

Fig. 9. Weight loss of DGEBA/DETA and TGAP/DETA polymers versus 
temperature. 



3.4. Thermal stability 

The thermograms (Fig. 9) obtained during the TGA scans, for both 
DGEBA/DETA and TGAP/DETA polymers, were analyzed to estimate 
the weight losses’ percentages as a function of temperature. 

Fig. 9 shows an initial slight loss in weight, caused by the evapora
tion of water molecules, at about 180 ◦C for DGEBA/DETA and 230 ◦C 
for TGAP/DETA. The fact that the percentage of weight loss for TGAP/ 
DETA (≈4.5%) is higher than that of DGEBA/DETA (≈1.2%) can be 
attributed to the presence of water molecules trapped in the polymeric 
matrix of TGAP/DETA polymer. This hypothesis is confirmed by the 
FTIR analysis, as the υ (O–H) absorption band is more intense in the 
TGAP/DETA polymer than in the DGEBA/DETA one. 

This first step was followed by a sharp break, from 310 ◦C to 485 ◦C, 
in both thermograms indicating the onset of a decomposition process. 
The decomposition rates decrease after that gradually, reaching a con
stant weight loss of about 82.7% for both TGAP/DETA and DGEBA/ 
DETA polymers, which represents the carbonized char. 

3.5. Dielectric characterization 

The dielectric responses of DGEBA/DETA and TGAP/DETA poly
mers, in terms of variations of the tan(δ) dissipation factor versus fre
quency for different temperatures, are depicted in Fig. 10. 

Fig. 10a highlights the existence of three relaxations for the DGEBA/ 
DETA polymer. The first one is γ relaxation which is active at low 
temperatures: its value varies from about − 63 ◦C for low frequencies to 
about 0 ◦C for the high frequencies. Several authors have linked this 
relaxation to the movement of the diphenyl propane group, or to the 
rotation of either the methylene sequence or the hydroxy-ether group 
[28,42,43]. The second relaxation, the β one, can be attributed to the 
twisting of the hydroxyl and/or carbonyl side groups or to a crankshaft 
type movement of the hydroxy-ether group in association with the 
friction movement without rotation of the segments containing the 
benzene rings [43–45]. For the investigated DGEBA/DETA polymer, the 
β relaxation provides a small contribution to relaxation processes and is 
active from 0 ◦C for low frequencies to about 50 ◦C for the high ones. γ 
and β are the secondary relaxations as they are linked to restricted local 
motions of the polymer chains [50]. 

The third and main relaxation is the α one which is generally close to 
the glass transition temperature (Tg) and which is related to the 
segmental dynamics of the main polymer chains [48,49,51]. Here also α 

values move towards higher temperatures with increasing frequencies. 
Contrarily to DGEBA/DETA polymer, the TGAP/DETA one does not 

have secondary γ and β relaxations but a Maxwell-Wagner-Sillars (MWS) 
one, which appears at high temperatures (Fig. 10b). This relaxation is 
attributed to the accumulation of charges at the interfaces in heteroge
neous medium [51–53]. This result is in phase with the XRD ones, 
concerning the existence of localized nanostructures. 

Compared to DMTA results, we note the absence of β relaxation in 
the TGAP/DETA polymer and the absence of α1 relaxation in both 
TGAP/DETA and DGEBA/DETA polymers. This can happen when 
several phenomena exist simultaneously but are partially or totally 
masked because of the predominance of one of them (mainly 
conduction). 

To overcome this difficulty, we considered the electric modulus 
formalism, as it permits to minimize the conduction effects, highlighting 
thus the relaxations phenomena. The variations of the real and imagi
nary parts of the electric modulus, as a function of frequency at different 
temperatures, for the DGEBA/DETA and TGAP/DETA polymers are 
presented in Fig. 11. 

For all the measurements relating to the DGEBA/DETA polymer, we 
have fit the data with the Havriliak-Negami model according to equation 
(5) [51,54].

M˝ =M∞Ms
[(M∞ − Ms)sin βϕ]Aβ

M2
s A2β + 2Aβ(M∞ − Ms)Ms cos βϕ + (M∞ − Ms)

2 (5)  

Where: 

Ms =
1
εs
, M∞ =

1
ε∞

, A=
[
1 + 2(ωτ)1− α sin

πα
2

+ (ωτ)2(1− α)
]1

2
;

ϕ= arctg

[
(ωτ)1− α cos πα

2

1 + (ωτ)1− α sin πα
2

]

;

εsand ε∞are, respectively, the dielectric constants for the low- and high- 
frequency sides of relaxation, β and α are, respectively, the parameters 
describing the asymmetric and symmetric broadening of the relaxation 
time and τ is the central relaxation time. 

We were however not been able to the TGAP/DETA experimental 
data with this model. 

According to the electrical modulus variations, we can conclude that 
the α2 relaxation observed by DMTA corresponds to a weak depolari
zation for DGEBA/DETA and to predominant conduction effect for 
TGAP/DETA. Therefore, it is useful to consider conductivity of both 

Fig. 10. Dissipation factor versus frequency at various temperatures for (a) DGEBA/DETA and (b) TGAP/DETA polymers. For better visibility, different view-sides 
have been adopted for the two representations. 



Fig. 11. Electric Modulus versus frequency at various temperatures for (a, b, c and d) DGEBA/DETA polymer and (e and f) TGAP/DETA polymer.  

Fig. 12. Conductivity versus frequency at various temperatures for (a) DGEBA/DETA polymer and (b) TGAP/DETA polymer.  



polymers according to the following equation: 

σ′

(w)= σdc + ε0ω
∑n

i=1

(
(εs − ε∞)i∗sin(θi)

(
1 + (wτi)

2αi + 2(wτi)
αi∗cos

(
αi*π

2

))βi
2

)

+ Aωs (6)

Where: θi = arctg

⎡

⎢
⎣

(ωτi)
(1− αi )∗cos

(
π∗αi

2

)

1+(ωτi)
(1− αi )∗sin

(
π∗αi

2

)

⎤

⎥
⎦, 

i is the index corresponding of each identified relaxation, n is their 
total number, ω is the angular frequency, A is a constant, s is an exponent 
of the angular frequency and σdc is the limit value of σ′ (ω → 0). The 
variations of the DGEBA/DETA and TGAP/DETA conductivities as a 
function of frequency at different temperatures are presented in Fig. 12. 

These results showed that the TGAP/DETA conductivity is about two 
orders of magnitude higher than that of DGEBA/DETA, for all the 
investigated temperatures. This is in phase with optical measurements in 
terms of estimated bandgap values and existence of low energy transi
tions states. 

To minimize the scale effect and to have an enlarged view, we 
considered separately the conductivity measurements of TGAP/DETA at 
180 ◦C (Fig. 13a) and at 190 ◦C (Fig. 13b). At these temperatures, the 
cumulative effects of all involved phenomena are clearly identified. 

By using an appropriate adjustment model, we showed that is 
possible to identify each contribution to conductivity, not only MWS 
relaxation phenomenon but also α1 and α2 relaxation ones, as observed 
in the DMTA analysis. 

Using τ and σdc parameters determined by the adjustment of the 
electrical modulus and the conductivity, we can calculate the activation 
energy of the relaxations and the conductivity. In Fig. 14, we plotted ln 
(τ) versus 1000/T for DGEBA/DETA and TGAP/DETA polymers. 

The plots corresponding to γ relaxation in DGEBA/DETA and the α2 
and MWS relaxations in TGAP/DETA exhibit a linear behavior which 
was fitted according to Arrhenius equation [50]: 

τ(T)= τ0exp
(

Ea

KBT

)

(7)  

Where KB is the Boltzmann constant, Ea is the activation energy of the 
relaxation process and T is the absolute temperature. 

α1 relaxation, in both DGEBA/DETA and TGAP/DETA, polymers was 
fitted by the Vogel–Fulcher–Tammann (VFT) model, which was found 
more appropriate than the Arrhenius one. Its further equation is [52]: 

τ(T)= τ0exp
(

B
TV − T

)

(8) 

TV is the Vogel temperature and B is an empirical material-dependent 
parameter, which permits to calculate the further activation energy, Ea, 
from the equation: 

Fig. 13. Conductivity of TGAP/DETA versus frequency (a) at 180C; (b) at 190 ◦C.  

Fig. 14. Variation of the relaxation times versus 1000/T for (a) DGEBA/DETA polymer and (b) TGAP/DETA polymer.  

Table 3 
Activation energies for the different relaxations observed in DGEBA/DETA and 
TGAP/DETA polymers.  

Polymers γ MWS α1 α2 

DGEBA/ 
DETA 

0.5 eV/ 
48.07 kJ/ 
mol 

– 1.39 eV/ 
133.65 kJ/mol 

– 

TGAP/ 
DETA 

– 0.43 eV/ 
41.34 kJ/mol 

1.32 eV/ 
126.92 kJ/mol 

1.24 eV/ 
119.23 kJ/mol  



Ea =
RB

(

1 − Tv
Tg

)2 (9)  

Where R is the gas constant and Tg is the glass transition temperature. 
The values of the activation energies of the relaxations are gathered 

in Table 3. 
The Vogel–Fulcher–Tammann (VFT) dependence on temperature is 

the typical signature of the α1 relaxation, which is the dielectric mani
festation of the glass transition which involves the cooperative mobility 
of the polymer network [28]. 

It can be noted that the activation energy value for the α1 relaxation 
in DGEBA/DETA is superior to that of TGAP/DETA. This can be linked to 
molecular chain mobility [28]. 

The last part of this study concerns to the variations of dc conduc
tivity, σdc, of DGEBA/DETA and TGAP/DETA polymers. Fig. 15 repre
sents the variations of ln (σdc) versus 1000/T. 

Results presented in Fig. 15 show the presence of two behaviors that 
depend on the temperature domain: a linear one (following the Arrhe
nius law) for temperatures higher than 160 ◦C and a nonlinear one 
(following the VFT model) for lower temperatures. For this last case, σdc 
activation energies were calculated from eq (10). The computed values 
are given in Table 4. 

Calculations indicate that the σdc activation energies are identical for 
both polymers at temperatures higher than 160 ◦C, and that those of 
DGEBA are lower than those of TGAP ones at temperatures inferior to 
160 ◦C. On the basis of these results, we can suppose that the conduction 
is ionic for “low” temperatures and that it is dominated by the move
ment of polymer chains at “high” ones. The fact that the activation en
ergy of the TGAP/DETA polymer is higher than that of the DGEBA/ 
DETA polymer, can be attributed to the high degree of crosslinking of 
the TGAP polymer, which rends it is more rigid than the DGEBA [53]. 

4. Conclusion

This study focuses on the comparison of structural, optical, dynamic
mechanical, thermal properties of the TGAP/DETA and DGEBA/DETA 
polymers. The results have shown that the two polymers have good 
thermal stability and present an amorphous character. Both polymers 
exhibit excellent transparency in the visible light. However, the TGAP 
polymer, absorbs almost completely UV radiations and partially blue- 
violet light which explains its slightly yellowish coloring. Absorption 
peaks observed around 2.59 eV and 2.93 eV (wavelengths of order of 
479 nm and 423 nm respectively) indicate that localized optical tran
sitions take place from energy levels in the bandgap. This was ascribed 
to the existence of nanostructures within the amorphous matrix of 
TGAP/DETA, as revealed by XRD measurements. This polymer has 
shown sufficiently interesting mechanical and optical properties to be 
considered in applications as a protective film and/or as a UV/blue light 
filter for screens and windows. The difference between the two polymers 
also concerns their optical bandgap energy of about 3.4 eV and 4.1 eV 
for TGAP and DGEBA, respectively. For a more accurate estimation of Eg 
value and to better account for the nature of the transition in studied 
polymers, a novel approach of results processing is proposed based on 
the logarithmic derivative of Tauc’s law. The dielectric measurements 
indicated the presence of γ, β, α1 and α2 dipolar relaxations and MWS 
interfacial one. The latter, observed only in the case of TGAP, is again 
consistent with the presence of crystalline micro-zones within the 
amorphous matrix. Experimental data of the electrical modulus and the 
conductivity were analyzed according to the Havriliak-Negami 
approach. The relaxation times and the conductivity σdc were investi
gated using Arrhenius and VFT models. For high temperatures (above 
160 ◦C), where the ionic conduction is dominant, Arrhenius behavior 
was observed for both polymers with the same activation energy. For all 
temperatures below 160 ◦C, the non-linear behavior was approached by 
the VFT model for both polymers, and the activation energies were 
found to be lower for the DGEBA compared to the TGAP. 
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Fig. 15. Temperature dependence of the dc conductivity for (a) DGEBA/DETA and (b) TGAP/DETA polymers.  

Table 4 
σdc activation energies of for DGEBA/DETA and TGAP/DETA polymers.    

DGEBA TGAP 

VFT model 130 ◦C 1.06 eV/101.92 kJ/ 
mol 

1.16 eV/111.53 kJ/ 
mol 

140 ◦C 0.94 eV/90.83 kJ/mol 1.13 eV/108.65 kJ/ 
mol 

150 ◦C 0.84 eV/80.76 kJ/mol 1.09 eV/104.8 kJ/mol 
160 ◦C 0.76 eV/73.07 kJ/mol 1.06 eV/101.92 kJ/ 

mol 
Arrhenius 

model 
160–200 ◦C 0.62 eV/59.61 kJ/mol 0.62 eV/59.61 kJ/mol  
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